In this paper, a novel detection reagent for formaldehyde determination is proposed, and is applied to a simple and highly sensitive flow injection method for the spectrophotometric 
Introduction
Formaldehyde (HCHO) is the most abundant gas-phase carbonyl compound in the atmosphere, and is a colorless and strong-smelling gas under normal conditions, and is soluble in water. Formaldehyde is a very toxic compound and has been classified as a human carcinogen (cancer-causing substance) by the International Agency for Research on Cancer, and also as a probable human carcinogen by the U.S. Environmental Protection Agency [1] . Skin contact with formaldehyde solution can cause irritation, and drying and reddening of the skin. Long-term contact with formaldehyde can cause sensitization of the skin, resulting in a rash or eczema. Eye irritation may occur at formaldehyde concentrations of about 0.2 mg L -1 , and tears will form at about 4 -5 mg L -1 . Massive and intolerable tear formation occurs at concentrations higher than about 10 mg L -1 in most people. Contact of the eyes with concentrated formaldehyde solutions can cause severe eye irritation, injury and possible blindness. Swallowing of formaldehyde solution is unlikely, but if it occurred, it would result in irritation and severe pain in the mouth, throat, and digestive tract [2] . Formaldehyde is very active, and is transported in air, water and contaminated soils. In aqueous systems, atmospheric deposition is a significant source of formaldehyde, since formaldehyde concentration in rainwater is higher than those in surface waters, by three orders of magnitude, or more [3] . Formaldehyde in drinking water arises mainly from the oxidation of natural organic (humic) matter during ozonation [4] and chlorination [5] . It also enters drinking water via leaching from polyacetal plastic fittings in which the protective coating has been broken [6] . Formaldehyde concentrations have been found up to 30 μg L -1 in ozonated drinking water [7, 8] . In a study, which was carried out in Taiwan, formaldehyde concentrations in bottled and packed drinking water were lower than 129 μg L -1 , which were all below the detection limit of the analytical method used for the investigation [9] . Furthermore, in Japan, the maximum concentration of formaldehyde in drinking water is regulated at less than 80 μg L -1 (2.7 μM) [10] .
Recently, the high chemical reactivity of formaldehyde has caused an increasing serious problem on human health.
For the determination of formaldehyde, a number of methods have been proposed so far. In general, in an aqueous environment, most of the proposed methods for the determination of formaldehyde require the derivatization with various reagents prior to their measurement, which can forms colored products and can be detected spectrophotometrically. Of these, numbers of the methods are based on the reaction of formaldehyde with 2,4-dinitrophenylhydrazine (2,4-DNPH) to form hydrazone [11].
However, 2,4-DNPH can react with many aldehyde and ketones, and the 2,4-DNPH derivatization reaction takes one hour for a complete reaction. The chromotropic acid (1,8- and can react easily with other aldehydes, and the sample solutions should be measured immediately after sampling due to the instability of the MBTH-formaldehyde intermediate [26, 27] . The AHMT method needs a very strong base as the reaction medium, which is not desirable especially as carbonate formation will occur. In the method using pararosaniline-based Schiff reaction, color development is relatively slow and sensitivity is not so good [28] . A fairly sensitive fluorimetric method, based on the reaction of formaldehyde with 3,4-diaminoanisole to form a fluorescent Schiff base, has also been reported. The method, however, needs a refluxing process, which is very tedious [29] .
One of other widely used derivatization reaction is a Hantzsch reaction, which is based on the derivatization of formaldehyde with β-diketone, in which 2,4-pentanedione (acetylacetone) [30, 31] , 5,5-dimethyl-1,3-cyclohexanedione (dimedone) [32] , 1,3-cyclohexanedione (CHD) [32] , 4-amino-3-pentene-2-one (Fluoral-P) [33] , and acetoacetanilide (AAA) [34] have been used as derivatization reagents. These methods are relatively sensitive and selective for formaldehyde. However, the procedure by a batchwise method needs long reaction times and can not be simply adopted for an automatic analysis. In order to develop a simple and automated method of analysis for formaldehyde, a flow injection analysis (FIA) method has been frequently used. Li et al.
proposed a fluorometric flow injection system using CHD as the reagent [35] . The sensitivity of CHD system is very good; LOD is 10-15 nM. Sakai et al. developed a highly sensitive fluorometric FIA system with dimedone, and measured gaseous formaldehyde after absorbing in aqueous solution [36] . Later, our colleagues developed an on-line collection/concentration of trace amounts of formaldehyde with chromatomembrane cell (CMC) and its on-line determination by a fluorometric flow injection technique using acetylacetone method [37] . The method with acetylacetone system can measure formaldehyde as low as 8 × 10
. Such fluorometric methods for formaldehyde determination require high reaction temperatures, so that high backpressure, a postcooling device or a debubbling diffusion cell are necessary to prevent the bubble generation and the increase in consequent noise. Recently, a flow injection fluorometric detection method with acetoacetanilde was developed by the authors [38] . The method can be carried out at room temperature; the detection limit is 3 x 10 -9 M (0.09 μg L -1 ). In these fluorometric methods, an expensive instrument as a detector is needed. Moreover, organic solutions such as acetonitrile, acetone or ethanol are necessary.
In the determination of trace amounts of formaldehyde in water, in general, some enrichment procedures are always used for the preconcentration of formaldehyde before measurement [39] [40] [41] . Therefore, a simple and highly sensitive method for formaldehyde determination is required for the direct analysis of water samples without any preconcentration techniques.
In this work, a novel detection reagent, methyl acetoacetate (MA), was proposed for the determination of formaldehyde. The reaction can take place in a mild aqueous solution.
A simple flow injection system, consisting of a pumping system, a sample injection valve, a reaction coil, a heating system and a LED detector (375 nm) for the formaldehyde determination in natural water was developed.
Experimental

Reagents
All reagent solutions were prepared using purified water from a Milli-Q Labo system For interference testing, the following compounds were used: sodium chloride, sodium nitrate, sodium nitrite, sodium sulfate, sodium sulfite, sodium carbonate, copper (II) chloride, iron (III) nitrate, hydrogen peroxide, acetic acid, acetone, propionaldehyde and acetaldehyde. All these chemicals were purchased from Wako Pure Chemicals (Osaka, Japan).
Apparatus
UV-VIS equipment
For absorption spectra and absorbance measurements, a UV-2400 PC double beam spectrophotometer from Shimazu (Japan) furnished with 1.0 cm pathlength quartz cell was used: absorption spectra were registered from 300 to 500 nm.
Flow-injection detection system
A schematic diagram of employed flow-injection analysis system is presented in Fig A thermostating dry bath (Iuchi, EB-303, Japan) was used throughout the whole experiment. The signal was measured with a UV-LED-based detector with an interference filter of 375 nm (AT-500), which was specially assembled collaborately with Moritani et al.
of Artech Co. Ltd., Japan, and saved in a personal computer using a FIA monitor/data processing apparatus (F.IA. Instrument, Tokyo, Japan)
A pH meter (Mettler Toledo, MP220, Switzerland) was used for adjusting pH of the reagent solution. All measurements were performed in a temperature-controlled room (25.0±0.1 o C).
Derivatization procedure by batchwise method
To a 10 mL calibrated flask was transferred 5 mL of 4.0 M ammonium acetate (pH =7.2), 2.5 mL of 0.2 M methyl acetoacetate, and a series of standard formaldehyde solutions, and then the mixtures were diluted to the mark with purified water. The mixed solution was lead to react for 10 min at 60 o C in a water bath, and then cool down in water for 5 min. Finally, the reaction mixture was transferred to a quartz cell for the measurement of absorbances; the absorbance of the reagent blank and the sample solutions were measured at 375 nm.
Flow injection procedure
For a simple, rapid and continuous determination of formaldehyde, the proposed detection reaction was applied to flow injection analysis. The detection reaction is based on the Hantzsch reaction, which was first explained by Nash [30] . In this work, several kinds of commercially available β-keto esters such as methyl acetoacetate, ethyl aceto spectrophotomeric methods at room temperature and 60 length and the apparent molar absorptivity of their products obtained under each experimental reaction condition are shown in Table 1 
Selection of detection wavelength
A series of standard solutions were prepared according to the standard procedure, how The effect of the reaction coil temperature was firstly examined by varying the temperature from 25 to 80 o C using the dry heating bath. As shown in Fig. 3 , the dependence of the overall reaction on temperature was significant. The higher the reaction temperature is, the larger the analytical signals are, and the higher sensitivity is obtained.
On the other hand, a temperature above 70 o C gave poor reproducibility because the ed by keeping the reaction coil in a thermostating dry bath.
the determination of formaldehyde also depended on the reaction time.
ptimization of manifold parameters for spectrophotometric determination of formaldehyde by FIA
In order to obtain a maximum signal to noise ratio in the spectrophotometric the FIA x 10 -6 M baseline is not stable and some air bubbles can occur. Therefore, a reaction temperature of 6 showed that larger volumes were preferable to obtain higher peak, and the volumes above 300 μl gave only a small increase in peak height: the sample volume of 300 μl was selected as a compromise of the sensitivity, the sample throughput and the sample size. In the reaction of formaldehyde with the proposed reagent, pH of the reagent olution is very important for the reaction efficiency. The influence of three kinds of buffer n the sensitivity was examined; they were an acetate buffer (acetic acid-sodium acetate), phosphate buffer (disodium hydrogenphosphate -potassium dihygrogenphosphate), and n ammonium acetate buffer. All the buffers tested here were prepared at the total acid or a NaOH solution to the ammonium acetate solution. The results obtained in Fig. 8 indicates that in the pH range over 6.5 ~ 7.5, the peak height is highest and almost identical, whereas below pH 6.5 and above pH 7.5, the peak height becomes shorter. From such results, the pH of 7.0 was chosen for further experiments. strong oxidizing agents and can not oxidize formaldehyde. Therefore, the proposed method is free from interference with the determination of formaldehyde in environmental waters. Table 2 shows the tolerable concentration defined as the concentration of foreign species causing less than ± 5% relative error. 
Determination of formaldehyde in natural water samples
The developed procedure was applied to the determination of formaldehyde in natural water samples. Different real water samples (tap water, river water and rainwater)
were analysed. The samples were filtered through a filter paper prior to their analysis.
Recovery tests were performed on the formaldehyde solutions of different concentrations from 3.0 to 15.0 μg L -1 . Significantly good recoveries from 98.3 to 106.7 % were obtained from the determination of formaldehyde in water samples (Table 3) .
In order to evaluate the accuracy of the proposed method, the results obtained were compared with those obtained with an acetylacetone/spetrophotometric method and acetoacetanilide/fluorometric method described in the previous papers [30, 38] . Rainwater samples 1, 2, and 3 were collected in Okayama University campus in the different day in December 2006. The good agreement between these results (Table 4) indicates the successful applicability of the proposed method for the determination of formaldehyde.
Analytical results for the determination of formaldehyde in natural water samples a Acetylacetone/spetrophotometric method and acetoacetanilide/fluorometric method were described in the previous papers [30, 38] . All values are means (n = 5) with ± σ (standard deviation). of formaldehyde as a highly sensitive detection method.
The proposed method can be directly applied to the determination of formaldehyde in natural water samples. Flow injection system with a LED detector was used for spectrophotometric detection
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